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Introduction
Compared with traditional RZ-OOK, RZ differential phase-shift keying (RZ-DPSK) requires about 3-dB lower optical signal-to-noise ratio (OSNR) to achieve the same bit-error rate (BER), but a more complex transmitter and receiver [1] . The RZ-DPSK and RZ-OOK formats can fit different networks [2] , and mixed RZ-OOK/RZ-DPSK transmission in wavelength division multiplexed (WDM) systems could happen through optical cross-connects (OXC) interconnecting different networks. However, RZ-OOK can seriously distort RZ-DPSK by cross-phase modulation (XPM) [3] , but this impairment may be mitigated by implementing RZ-OOK-to-RZ-BPSK format conversion at the OXC level. All-optical RZ-OOK-to-RZ-BPSK format conversion has been carried out by the XPM effect in nonlinear media, such as semiconductor optical amplifiers (SOAs) [2, [4] [5] [6] and highly nonlinear fibers (HNLFs) [7] . Although the ultra-fast (3) χ effect in an HNLF can achieve high speed conversion unlike a SOA limited by a slow response time, the (3) χ effect is polarization-sensitive and the strength of the XPM effect induced by arbitrarily polarized RZ-OOK signals would fluctuate unpredictably. Recently, the XPM effect in a linearly birefringent photonic crystal fiber (PCF) has been proposed to achieve polarization-insensitive RZ-OOK-to-BPSK conversion [8] . In this scheme, the local probe beam is launched equally to both birefringent axes of the fiber to reduce polarization sensitivity, obviating the necessity of sophisticated and costly polarization tracking of the RZ-OOK signal. To further study the polarization sensitivity, a theoretical analysis on the format conversion in a linearly birefringent HNLF is presented here for the first time. The penalty induced by insufficient XPM-induced phase shift is also analytically investigated.
The XPM effect in a birefringent fiber
As shown in Fig. 1 , while a space in an RZ-OOK signal induces negligible phase shift (close to zero), a mark with specific power is supposed to generate a π phase shift to realize alloptical RZ-OOK-to-BPSK conversion. In the conversion process, the pulse width of the RZ-OOK signal is normally required to be broader than that of the probe beam to reduce unnecessary chirping. Moreover, to avoid erroneous reception of the RZ-BPSK signal in a direct-detection DPSK receiver, an electronic decoder would be required in the receiver as noted by Mishina et al. [2] . To investigate the polarization-dependent XPM effect, it is assumed that 
where the subscripts {1 2} m ∈ , and {1 2} n ∈ , such that m n ≠ refer to either the RZ-OOK pump ( m or 1 n = ), or the RZ pulse probe ( m or 2 n = ); the subscripts { } p x y ∈ , and
such that p q ≠ represent two birefringent axes of the fiber; mp A is the amplitude of the electrical field; γ is the nonlinear coefficient, and
is the wavevector mismatch due to the linear birefringence of the fiber. In Eq. (1), the retarded time frame has been adopted, and the dispersion and loss have been neglected assuming that the fiber
T and β ′′ respectively are the effective length, the dispersion length, the fiber attenuation, the input pulse width and the group-velocity dispersion parameter. In Eq. (1), the principal axes are assumed to coincide with the birefringent axes of the fiber. Because the probe beam is a RZ pulse train, its launch power has to be sufficiently low to reduce the undesirable self-phase modulation effect. Besides, since most high ( (1) frequently change signs so that their contributions can be neglected [9] . Hence, the NLSEs for the pump and probe fields reduce to the following,
If the peak power of the pump beam is 1 P , its field can be represented as Probe (RZ-BPSK)
After using Eqs. (4) and (5) 
where A L are not the same, an effective phase shift is needed to investigate polarization-dependent effects. Considering differential balanced direct-detection, the detected signal will be proportional to )
where ( ) E t is the optical field; T is the bit period, and φ ∆ is the phase difference between ( ) E t and ( ) E t T − . Additional phase-shift ( 0 ξ ) in the receiver Mach-Zehnder interferometer may favorably influence the performance of the received signal, but for the ensuing analysis, it is set to zero as it would be for a standard RZ-DPSK signal expected by the receiver (thus, the converted probe would be analyzed under the same conditions as the baseline signal.) When the phase shift induced by the space of the RZ-OOK pump is zero, the effective XPMinduced phase shift of Eqs. (6) and (7) can be evaluated as, 
where Φ (
is termed the nonlinear phase shift due to XPM. Equations (11) and (12) reveal a complex relationship between the nonlinear phase shift ( Φ ), and the actual effective phase-shift ( eff φ ) acquired by a probe pulse in the interaction with the pump in the fiber. It can be seen that Eq. (12) degenerates to the nonlinear phase shift if the pump and the probe are both launched along either birefringent axes. 
where ∆Κ is in 1/m and λ is in nm. With both pump and probe wavelengths within the ITU-T C-band (1530-1565 nm) Eq. (13) approximates to 0 03 λ . × ∆ , so that a PPD greater than about 7 nm is required to attain polarization-insensitive operation. However, the PPD can be significantly reduced with a longer or a more birefringent PCF. 12)). However, to optimize the minimum phase shift to eff φ~0 59π . for the best scenario, 1 1π Φ = . will be required. Additionally, to achieve the largest minimum phase shift for the worst scenario, 1 5π Φ = .
will be required and that phase shift is only 0 5π . . Moreover, at 1 5π Φ = .
, the effective phase shift expressed by Eq. (12) reduces to 
Penalty induced by insufficient phase shift
After understanding the polarization-dependent phase shift, it is necessary to investigate how the receiver performance of the converted RZ-BPSK signal is affected by insufficient XPMinduced nonlinear phase shift ( π < ). To simplify the discussion, the induced nonlinear phase shift over the entire pulse is set constant assuming that the pump pulses are significantly broader than the probe pulses: for instance, the pump pulse was almost three-times larger than the probe pulse in an earlier work [8] . Additionally, if an optical matched filter is used preceding the receiver, the pulse shape of the RZ-BPSK signal will not affect the discussion. Further, the RZ-BPSK probe ˆ( ) ( ) ( )
depending on whether the RZ-OOK pump beam is a mark or a space. Considering a system limited by amplified spontaneous emission (ASE) noise, the received RZ-BPSK signal can be represented as (
y y E t n t + y [11] . The ASE noise components x n and y n are independent, identically distributed (i.i.d.) complex zero-mean circular Gaussian random variables (GRVs), and the variances of the real and imaginary parts of the noise components are identically 2 n σ , i.e. 
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Because the real and imaginary parts of all ( ) 
Furthermore, if either one of ( ) t E and ( 
where the definition of eff φ is given by Eq. (11). Because Eqs. (18) 
assuming that the in-phase and out-of-phase distributions are symmetric.
The exact and approximated optimal thresholds are depicted in Fig. 4(a) . In fact, opt h is SNR-dependent, and those plotted in Fig. 4(a) correspond to sensitivities (SNR required to reach the error probability 9 10 − ), which are plotted in Fig. 4(b) . The maximum sensitivity difference between using opt h and opt h is only about 0.7 dB indicating that the approximation is acceptable. The case of zero threshold is also shown for comparison, for which the RZ-BPSK signal cannot achieve error free reception for in Fig. 3 ), the phase shift is always only 2 π/ , and the sensitivity penalty is 7.8 dB (relative to ideal RZ- BPSK) which agrees well with the experimental value of ~ 7 dB [8] . For this case, it implies that RZ-BPSK requires higher SNR to achieve an error probability compared with ideal RZ-OOK due to different statistics, even though their symbol distances on the constellation diagram are the same (since the phase shift for RZ-BPSK is only 2 π/ for polarizationindependent operation).
Conclusion
This work theoretically analyzes the XPM effect for RZ-OOK-to-BPSK format conversion in a highly birefringent HNLF with an arbitrary polarized RZ-OOK pump beam. The nonlinear phase-shift-dependent receiver sensitivity and threshold of the resultant RZ-BPSK signal are also derived analytically for the first time. When the XPM-induced nonlinear phase shift Φ is set to π at large ( ) and π Φ = may not achieve the desired π effective phase shift, it can reduce the respective fluctuations in sensitivity penalty and threshold to 3.7 -5.6 dB and 31.5 -42.8%.
